Determination of surface structures currently requires careful measurement and computationally expensive methods since, unlike bulk crystals, guiding principles for generating surface structural hypotheses are frequently lacking. Herein, we discuss the applicability of Pauling's rules as a set of guidelines for surface structures. The wealth of solved reconstructions on SrTiO 3 (100), (110), and (111) are considered, as well as nanostructures on these surfaces and a few other ABO 3 oxide materials. These rules are found to explain atomic arrangements for reconstructions and thin films just as they apply to bulk oxide materials. Using this data and Pauling's rules, the fundamental structural units of reconstructions and their arrangement are discussed.
Introduction
Oxide surfaces are an important frontier, with applications in areas ranging from catalysis to the emerging field of oxide electronics [1e8] . Our understanding of oxide surfaces is relatively primitive and it is often mistakenly assumed that they are simple bulk truncations. There is a large body of evidence indicating that many oxide surfaces reconstruct to form large complex unit cells that make the reconstructions found on elemental metals or semiconductors look simple. For instance, the archetypal perovskite SrTiO 3 has more reconstructions than silicon. Some of them, e.g. the (n Â n) family on the (111) surface with (2 < n < 6) [9e11], are more complicated than the Si (111) (7 Â 7) reconstruction [12e14] . These reconstructions form under a diverse set of conditions including single crystals annealed in oxygen or vacuum, thin films grown by hybrid molecular beam epitaxy, and during hydrothermal synthesis of nanoparticles [5,15e21] . Few atomic structures of these reconstructions are known, due to experimental complications in reproducing them and because the workhorses of structure determination for conductors (low energy electron diffraction (LEED) and scanning tunneling microscopy (STM)) are less effective for insulators. Even when insulators can be doped, STM is useful but can have limited spatial resolution. Going beyond SrTiO 3 to more complex perovskites such as KTaO 3 , NdGaO 3 , LaAlO 3 or DyScO 3 , there is almost no information about the thermodynamically stable surface structures. Despite this, the number of publications where oxides films have been grown on perovskite substrates is rapidly increasing [22e25] . Rarely acknowledged in the open literature (but known in the unspoken literature), growth is often experimentally irreproducible, and we hypothesize that in many cases this is due to uncontrolled initial surface structures.
If we do not know the positions of the atoms at the surface, it is impossible to explain phenomena that change depending on the surface reconstruction such as the different shapes and catalytic behavior of nanoparticles [26e34] , different growth modes of technologically important materials, and different surface chemical reactivity [35e40] , as well as the unspoken irreproducibility of many oxide growth experiments. Additionally, the understanding of properties suffers for those that rely on controlled interfaces and surfaces such as superconductivity [41, 42] and magneto-electric coupling [43] .
The process of solving a surface structure often depends on multiple experimental and theoretical techniques with varying levels of complexity for quantitative analysis. Often, simpler experimental techniques require more involved analysis and some common methods will be discussed briefly in the order from mostto least-demanding evaluation. Reconstructions can be experimentally identified with reflection high-energy electron diffraction or LEED data. This data, with the proper analysis, can be used to solve a surface structure provided it is not too complex [44, 45] . STM probes the local density of states and atom heights, revealing information regarding the position of atoms at the surface and is a method for identifying reconstructions and their basic structural features [46e48] . Density functional theory (DFT) can be used to relax hypothetical surface structures and supplement experimental results to improve understanding [49, 50] . DFT can also be used to calculate energetic stability as a function of chemical potential, allowing for comparison between structures synthesized differently. Pairing STM with DFT calculations allows low-energy solutions to be identified and the electron density from DFT can be used to simulate STM. More straightforward information can be obtained from transmission electron diffraction (TED) [51] or surface x-ray diffraction (SXRD) [52, 53] , which can be combined with direct methods [54, 55] to unambiguously determine the positions of many atoms in a reconstruction. Additionally, atomic positions from DFT can be used to produce simulated diffraction patterns by calculating the resulting structure factor, providing one more method for verification.
The simple binary oxides have only limited degrees of freedom, so their surfaces are relatively easy to understand. Beyond them, one of the most common structures is the perovskite, ABO 3 , which can be described as alternating layers of AO and BO 2 oxygencoordinated cations in the [001] direction. Many perovskites have both a transition metal as their B-site cation, where the transition metals have correlated electrons that display unique properties based on their electron interactions, and similar structures and lattice parameters [25, 56] . Combinations of the methods described above have furnished structure solutions of perovskite oxide surfaces, particularly for SrTiO 3 [9e11, 15,20,47,48,57e82] . The (100), (110) , and (111) surfaces have all been studied, and are representative of the challenges -they are insulating, two are polar, and one possesses a mixed A/B cation termination when truncated along an idealized atomic plane. Other oxides with published reconstructions include BaTiO 3 [83e87], LaAlO 3 [88] , LiNbO 3 [89] , and PbTiO 3 [90] , although the number of reconstructions solved on these surfaces is far fewer.
While experimental methods and simulation have been applied to the problem of solving reconstructions, the theoretical framework for understanding and predicting these structures is incomplete. One can approach this problem from two directions: the first is general formulations based upon the underlying physics/chemistry, and the second is specific calculations typically using density functional schemes. Explanations using the first approach include concepts such as surface dangling bonds [91] or minimizing Coulomb forces [92] . In the case of oxides with polar surfaces, issues such as charge compensation [93, 94] serve to further complicate this picture. In all of these the fundamental idea is that a surface must be valence-neutral and not contain an unbalanced electrostatic dipole. (We will return to this later, discussing more some of subtleties of the terms "valence" and "charge".)
In the second approach, based upon ab initio calculations, oxide surfaces are often described as ideal truncations of the bulk crystal. This fails to capture the nuance of perovskites and the variety of reconstructions that have been observed on their surfaces [62, 66, 83, 89, 95] . Oversimplifying surfaces by representing them as bulk truncations, even with oxygen vacancies, is poor science in many cases and does not agree with experimental evidence. In addition, while ab initio methods have had notable successes, they are not guaranteed to produce the correct result. By their nature, most such methods will relax atomic positions into a local energy minimum. If the initial positions of atoms in a hypothetical structure model are too far from the true structure, the end result may represent a local rather than global energy minimum e i.e. the structure is wrong. Issues may also arise if the chemical composition of the surface used in calculations is not appropriate. For instance, the well-cited (2 Â 1) reconstruction on SrTiO 3 (100) certainly occurs due to chemisorbed water [15, 96, 97] . Similarly, an early model for the c(6 Â 2) reconstruction on the same surface assumed that it contained only surface titanium and oxygen, while a more extensive analysis with additional information showed that strontium was also present at the surface [74, 80] . In principle one can avoid these pitfalls by performing a global search over different possibilities. However, this currently requires very expensive computation. Ab initio methods are also prone to uncertainties due to the limitations of many density functionals when describing strongly correlated oxides [98] .
What is badly needed are ways to both predict and judge the reasonableness of specific atomic structures, based upon a chemical approach to complement physics-based ideas such as polarity, which are frequently invoked but unfortunately often fail to [15] . After these structural units were identified, their specific arrangements were investigated with theoretical DFT calculations, and it was concluded that low-energy arrangements minimized non-bonding oxygen interactions [99] . The bulk concept of bond valence sums was also applied to understanding oxide surfaces [100] , addressing local atomic coordination. Additionally, taking these ideas a step farther and calculating hypothetical structures via DFT has led to the identification of multiple structures with similar surface energy. This supports the idea that surfaces can maintain a structure similar to a 2-D network glass with only short-range order if the other previous requirements are fulfilled [11, 20, 101] . We propose here a more general framework that provides guidelines for understanding oxide surface structures exploiting information from well-established inorganic bulk atomic structures. This approach comes from work by Linus Pauling in 1929 [102] , with what have become known as Pauling's rules. These provide simple guidelines that have been shown to work for bulk structures and, as we will show here, can be adapted and applied to oxide surfaces. We acknowledge that this chemical approach to understanding oxide surfaces will be unfamiliar to some readers but appears to be a more appropriate way to approach them.
Being more specific, the body of solved reconstructions on SrTiO 3 surfaces is discussed from the perspective of Pauling's rules. The common features of these reconstructions are identified and explained within this framework, revealing similarities in structure across these apparently disparate surfaces. Following this, nanostructures on the SrTiO 3 (100) and (110) surfaces are discussed, which represent the first stage of transition from a surface reconstruction to a thin film. Finally, the reconstructions on two other oxide surfaces, BaTiO 3 (100) and LaAlO 3 (110) , are presented.
Before getting further into the details, we need to clarify one important point: what is the meaning of "valence" and "bonding" when it comes to bulk oxides and oxide surfaces, and how is this different from ideas such as polarity and charge; valence lies at the heart of Pauling's rules.
Valence, charge, and polarity
In the original work Pauling used the term "charge" for atoms, but in the years since this has evolved to the concept of valence which is not the same. This is important, and remains an area where there is substantial confusion and often errors in the literature. In all oxides except a few superoxides or peroxides (which contain O 2 2À ions), the valence state of oxygen is 2-. Note that the sign is written after the number, which is the convention. The actual electrostatic charge on the oxygen is generally smaller than this, for instance À1.5, where the sign is on the other side of the number. Valence is typically considered for oxides in terms of the bond valence sum (BVS) model [100,103e105] . In the limit of a fully ionic model, valence and the electrostatic charge are the same, but of course the full ionic model is unrealistic in almost all cases.
Valence is a readily available experimentally measurable number, whereas the actual charge is less available and varies depending upon how the electron density is partitioned to the different atoms. Essentially every spectroscopic technique used in surface science, for instance x-ray photoelectron spectroscopy, Auger spectroscopy, electron energy loss, x-ray adsorption spectroscopy compares the positions of spectroscopic peaks to oxide standards of known valence, not known charge.
In the BVS approach, the valence depends only the ions involved and the bond distance. Shorter bonds have higher valence relative to the typical bond length between the two species in question. This is calculated according to the equation:
BV ¼ expððR 0 À RÞ=bÞ where R is bond distance, R 0 a standard bond distance for the two ions derived from structural analysis of multiple known materials, and b is an empirically derived constant normally equal to 0.37. If the valence of the cation is known (or assumed), then valencespecific values for R 0 and b can be used; if it is not known then more general values can be used. The relevant values can be found in many databases.
For any given ion the BVS is equal to the sum of all bond valences for the bonds it participates in where cations are treated as positive values and anions as negative:
A lower BVS indicates a more reduced species while a higher one indicates a more oxidized one. A lower magnitude indicates lower coordination while a higher magnitude value indicates higher coordination. In this way the environments of specific ions can be investigated and compared, and the overall structural stability can be evaluated based on the deviation of the BVSs from expected values for all atoms (typically integers) in a given unit cell. These deviations are often used to check the reported structure of bulk oxides determined by methods such as x-ray diffraction, and work similarly for surfaces [106] .
The BVS approach applies to any material. It is most frequently discussed for oxides and other insulating ionic materials, but its concepts are universal and can be applied to any type of crystalline material and also organic compounds. For organic compounds the concepts of valence are so widely accepted that it is sometimes forgotten that this is the same approach that is used for other materials. It applies equally well to metallic oxides as it does to reduced oxides, and can be used for ones with different and, in some cases, multiple valences such as Fe 3 O 4 , or even fractional valences.
Prior work has demonstrated that Pauling's second rule [100] , which yields the BVS model [100,103e105] , can qualitatively predict the relative energy of a surface structure consistent with DFT relaxation and experimental evidence. Information obtained from a BVS analysis also indicates whether atoms are over-or underbonded, giving additional insight into adsorption or disassociation behavior. This offers a quick tool for evaluating a proposed structure and can result in significant savings in terms of computation. However, the BVS model by itself does not offer any predictive capabilities in terms of generating a possible structure to be tested as it ignores the important non-bonded repulsions.
A question that could be asked is how valence connects to the ideas of polarity and polarity compensation mechanisms that are often used to analyze and rationalize the structure of polar surfaces. The answer is that it does connect, but there are common misconceptions in the literature. Too often the valence of atoms has been considered as fixed, and interpreted as if it is a charge. For instance, the MgO (111) surface has alternating layers of magnesium and oxygen. Suppose we truncate the surface after, for instance, an oxygen plane as shown in Fig. 1 , which is unreasonably reduced. By definition, the total valence of any system of cations and anions is zero, and there are no unbalanced charges (unless the system is deliberately charged by some other means).
In the context of modern valence theory, the issue for polar surfaces such as MgO (111) is not how its polarity is compensated, but rather how does the structure rearrange from the simple bulk termination which has unreasonable valences corresponding to absurd degrees of oxidation or reduction, to one where the valences conform to the expectations of solid state chemistry. In some cases this may be associated with reduced species (e.g. Fe 2þ rather than Fe 3þ ). However, to obtain a reduced species the local co-ordination has to change e lower coordination and/or longer bonds.
Pauling's rules
We now turn to a general explanation of the rules as they relate to surfaces, before going into specific cases later in this manuscript. Pauling's rules [102] were originally stated as follows:
1. "A coordinated polyhedron of anions is formed about each cation, the cation-anion distance being determined by the radius sum and the coordination number of the cation by the radius ratio." 2. "In a stable coordination structure the electric charge of each anion tends to compensate the strength of the electrostatic valence bonds reaching to it from the cations at the centers of the polyhedral of which it forms a corner; that is, for each anion"
where z is the charge of the anion, z i is the electric charge of a cation, v i its coordination number, and s i the strength of the electrostatic valence bond.
3. "The presence of shared edges, and particularly shared faces, in a coordinated structure decreases its stability; this effect is large for cations with large valence and small coordination number, and is especially large in case the radius ratio approaches the lower limit of stability of the polyhedron." 4. "In a crystal containing different cations those with large valence and small coordination number tend not to share polyhedron elements with each other." 5. "The number of essentially different kinds of constituents in a crystal tends to be small."
In bulk oxides and other compounds, these rules have held up very well over the years. The only one where there has been a change is the second rule, which Pauling originally stated in terms of "charge". As discussed above, the modern approach is to refer to this in terms of valence, which is not the same as the electrostatic charge (although this point is often confused).
A good starting place is Pauling's concise fifth rule, "The number of essentially different kinds of constituents in a crystal tends to be small." This implies that the number of unique structural units making up a surface structure is also small; it can be broken down and described by a small set of individual "puzzle pieces" so one does not have to consider all possible combinations.
Next comes a description of the structural units themselves, based on Pauling's first rule. These units consist of a cation surrounded by anions (oxygen for oxides), whose arrangements are well-described by regular chemical polyhedra. For example, the bond lengths and angles in a four-fold coordination polyhedron are as similar as possible to those of an ideal tetrahedron, and so on for higher coordinations. The radius ratio portion of the rule indicates what polyhedron is most stable for a given AO x , i.e. how many oxygens it is coordinated with in its most stable configuration. The atomic radii of the anions and cations in a crystal can be used to calculate this configuration according to the standard equation:
where different values of r correspond to the lowest-energy coordination for the ion. While ionic radii depend on the specific coordination of an atom, even using the reference values provided for crystal ionic radii assumed to be 6-coordinated allows the periodic trends to be examined at a level sufficient for structure prediction. Even using the average ionic radii for a given ion this rule can be useful: for example it accurately predicts that the Cl ion will be 6-coordinated in NaCl r ¼ r The next guideline concerns the spatial organization of units with respect to one another and combines Pauling's third and fourth rules. In a surface structure, cation polyhedra sharing faces are higher in energy than those sharing edges, which are higher in energy than those sharing corners. This effect is more pronounced for cations with higher valence and smaller coordination numbers; e.g., a tetrahedral unit of TiO 4 , where the Ti species is Ti 4þ , is less likely to share a face than it is to share an edge with another TiO 4 unit compared to an octahedrally coordinated TiO 6 unit. Furthermore, a cation of lower valence (such as Sr 2þ in SrTiO 3 ), is more likely than Ti 4þ O x polyhedra to share faces or edges due to its lower valence and higher coordination. Pauling did not comment on "naked" polyhedra where nothing is shared; these are less common in the bulk except for crystals with monovalent anions such as OH À or Cl À ; they should be similarly rare for surfaces except those with monovalent species. By inference, naked polyhedra will be higher in energy.
Of some relevance later, the above rules implicitly lead to Ising or Potts models (see also [11] ). To have polyhedral coordination with atoms in the bulk, there are only certain sites that can be occupied, and these will form a lattice. If these sites are only occupied by one type of structural unit, then the surface can be described as an Ising model e the sites are either occupied or not, a binary choice. When there are more structural units the corresponding term is a Potts model. Ideas such as Potts models for simpler surface phenomena such as chemisorption or melting are well known in the literature (e.g. Refs.
[108e113]), and arise naturally because of Pauling's rules and the coordination to the underlying bulk.
In the following sections we will show that these guidelines are obeyed for known oxide surface structures, and therefore place restrictions on the lowest energy atomic arrangements of an unknown oxide surface. In cases where there are many different surface structures as a function of composition, they can be used to identify the building blocks of reconstructions and extract more specific rules for their arrangement. They also provide insight into the many phenomena occurring at surfaces during the formation of nanostructures and thin film growth. The following corollary holds: structures that appear to violate the rules are either the rare exception or incorrect.
Case analyses
The specific examples that will be discussed are reconstructed (100), (110) , and (111) surfaces of SrTiO 3 , SrTiO 3 nanostructures, film growth on SrTiO 3 (100), reconstructions on BaTiO 3 (100), and reconstructions on LaAlO 3 (110) . Before discussing these, the universal features of all solved reconstructions on SrTiO 3 will be outlined.
All experimentally solved reconstructions on SrTiO 3 (to date) are charge and valence neutral, can be represented by the formula nSrTiO 3 mTiO 2 , and have Ti-rich outer layers. Even on the polar surfaces of SrTiO 3 (110) and (111) this formula is followed, resulting in valence-compensated surface structures.
There are universal features that are related to Pauling's rules:
1. Pauling's fifth rule implies that a structure will minimize the number of different arrangements of its atoms. This leads to structures with higher symmetry being lower in energy. This is because increasing symmetry yields fewer inequivalent atomic positions in a unit cell, and thus fewer bonding environments.
2. All the surfaces can be considered in terms of either an Ising model, if there are two structural units, or Potts models when there are more than two. This connects to Pauling's fifth rule. 3. According to the radius ratio explanation in Pauling's first rule, a 6-fold octahedral coordination with oxygen (TiO 6 ) is the lowestenergy arrangement for Ti atoms. As the density of Ti atoms on a given surface decreases, Ti adopts coordinations with fewer oxygen atoms to maintain a continuous, periodic network on the surface e.g. 5-fold octahedral (TiO 5 []) and 4-fold tetrahedral coordinations (TiO 4 ). The 5-fold octahedral coordinations are based on TiO 6 units with a single oxygen vacancy. The various coordinations TiO x can adopt are shown in Fig. 2 , and the bond lengths and angles of TieO in each polyhedron are optimal when they are as similar as possible to the ideal polyhedron; this reduces the non-bonded repulsions between the oxygen atoms. 4. The lowest-energy sites for a TiO x unit on the SrTiO 3 surface are those that are a continuation of the bulk ordering. These are referred to as "natural Ti sites" herein. These sites obey Pauling's third and fourth rules by minimizing the number of shared faces with cation polyhedra in the lower bulk layers. 5. The oxygen atoms are always coordinated to either two or three cations-three mainly when they are coordinated to strontium. This follows from rules 1e3 and partially 4. For instance, if only corner-sharing occurs, then the oxygen can only be bonded to two cations. Three-fold coordination requires edge-sharing which is more likely with lower valence atoms such as strontium.
SrTiO 3 (100)
The surface of SrTiO 3 (100) possesses many identified reconstructions. Those that have been reported and solved are summarized in Table 1 below. Of these, the solved reconstructions, shown in Fig. 3 , will be discussed in terms of Pauling's rules.
As evidenced by Fig. 3 , all reported structures decorate the bulklike TiO 2 -plane termination of SrTiO 3 . Of these reconstructions, the (2 Â 1), (2 Â 2)A, (2 Â 2), c(4 Â 2), and (√13 Â √13)R33.7 are formed in what has become known as a Ti double-layer structure, where a single layer of TiO 5 [] units are located on top of the bulklike TiO 2 plane. These TiO 5 [] have four oxygen atoms in the same plane or slightly above the central Ti. Two of these oxygens, at opposite ends of the polyhedron, are shared with bulk-like TiO 6 in the layer below. The remaining oxygens are shared with other TiO 5 [] in the surface layer. It is possible for these oxygen atoms to be shared with more than two Ti, but this configuration is less favorable, as discussed previously. Each TiO 5 [] also shares an oxygen atom that sits below the central Ti with two bulk-like TiO 6 below. The preceding description can be presented as a symbolic representation of the Ising model, as shown in Fig. 4 , where the (2 Â 2) reconstruction is used as an example. It would also be possible to Pauling's fifth rule suggests that the number of different structural units is small. This is evidenced by the TiO 5 [] units, the only coordination environment needed to describe these reconstructed surfaces. Pauling's first rule indicates that the relaxed positions of atoms in the TiO 5 [] units will bring them as close to ideal octahedra as possible.
TiO 5 [] units occupy the grid shown in Fig. 4 (c). To satisfy the third and fourth rules Pauling outlined, they do not share faces with other TiO x units. The sharing of edges between TiO 5 [] is also minimized. An increase in Ti-excess coverage in these reconstructions leads to a more densely packed network of TiO 5 [] units (and more edge sharing), but this minimization rule is still followed. 
SrTiO 3 (110)
While the idealized (100) termination is charge and valence neutral, the polar SrTiO 3 (110) surface possesses a macroscopic electrostatic dipole from the alternate stacking of (SrTiO) 4þ and (O 2 ) 4-layers. To be feasible, a surface reconstruction must stabilize (eliminate) this dipole and also lead to a valence neutral structure; remember that valence and charge are different. The array of structures observed on SrTiO 3 (110) include those summarized in Table 2 . Those with solutions include the homologous (n Â 1) series (where n ¼ 2, 3, 4, 5, 6, ∞) [77] , a related (5 Â 1) reconstruction [78] , and the two families of larger (2 Â n) (where n ¼ 2, 3, 4, 5, 6, ∞) nanostructures, which will be discussed later. The (n Â 1) series and related (5 Â 1) structure are shown in Fig. 5 below [81] . Each structure in Fig. 5 Fig. 6 . The (5 Â 1)A reconstruction is used as an example demonstrating unit types and placement sites. In Fig. 6 (c) the surface of SrTiO 3 (110) is shown with a diamond grid imposed over the bulk-like (SrTiO) 4þ layer. below. This is favorable from an energy standpoint-if Pauling's fifth rule is taken to its extreme then one expects that surface positions/ coordinations mimicking those of the bulk are lower in energy. As opposed to the SrTiO 3 (100) surface, where TiO 5 [] are the basic units, these reconstructions have a lower TiO x surface density. Due to this, TiO 4 tetrahedra are the lowest energy configuration which also creates a self-supporting network. This implies that increasing Observed n/a [9,10] (1 Â 2) e "Low"
Theoretical low-energy Fig. 7 (a) [11, 76] (1 Â 1) e "High"
Theoretical low-energy Fig. 7 (f) [11, 76] the TiO x density would eventually lead to observation of TiO 5 [] or TiO 6 units -this is seen in the case of TiO x nanostructures on the (110) surface, (2 Â n)a/b (where n ¼ 2, 3, 4, 5, 6, ∞), which will be discussed in a later section. As the Ti coordination decreases, the adherence to the third and fourth rules becomes more extreme. This is observed in multiple aspects of these surfaces. For instance, sharing faces between TiO 4 would be the most unfavorable arrangement possible, and it is never observed. Also, while ED-TiO 4 share a single edge with the TiO 6 below, they never share edges with other TiO 4 units. This demonstrates the nuance captured by Pauling's rules. ED-TiO 4 can share an edge with a TiO 6 unit because the TiO 6 unit is not as low in coordination, and thus this type of sharing is observed more often than edge-sharing between two TiO 4 units. The tendency to minimize the number of shared edges on this surface also explains why these reconstructions appear to be "bridging" above the bulk material whereas TiO 5 [] on the (100) face are nestled closely with the layers below. The TiO 5 [] of the (100) surface are more likely to share edges since their coordination is higher. Finally, sharing corners between TiO 4 units is frequently observed. This type of sharing is expected since it is the lowest in energy.
There are some positions where TiO 4 units do not occur. These positions are avoided because they would not minimize face and edge sharing, or because of their proximity to Sr atoms. Having a Ti atom too close to a Sr atom would lead to unfavorable cation-cation repulsion.
SrTiO 3 (111)
The SrTiO 3 (111) surface is the most complex and least-studied of the three common terminations. This surface is polar, similar to (110) , and the material can be thought of as a stacking of alternating layers of (SrO 3 ) 4-and (Ti) 4þ . The two-dimensional Bravais lattice of this termination is hexagonal, leading to more complex symmetry in its reconstructions. The structures reported and solved on the SrTiO 3 (111) are summarized in Table 3 . Of these, the solved reconstructions and selected theoretical low-energy structures with high and low excess-TiO 2 coverage are shown in Fig. 7 [11, 76] .
In Fig. 7 the common base for all the reconstructions is a bulklike (SrO 3 ) 4-layer. On top of this, reconstructions are made up of one or two Ti-containing layers. There are more structural units, so this is a Potts model system. A single Ti-layer reconstruction is shown in Fig. 7 Fig. 8 (111) is greater than that of (100) or (110) . However, even these reconstructions can be broken down into a small number of coordinated units according to Pauling's fifth rule. These units are also very similar to those on the (100) and (110) surfaces, indicating that Pauling's fifth rule applies in general to a given oxide material. Additionally, TiO 5 [] or TiO 6 are arranged such that they are preferentially placed in the natural Ti sites, indicated by open grid triangles without a bulk TiO 6 in Fig. 8 (c) and (g). As explained for the (110) surface, continuing the bulklike structure minimizes energy on the surface. Pauling's first rule also applies to these surfaces. Here we see a combination of all the possible TiO x units: in layers where TiO x density is highest, the most-favorable TiO 6 and TiO 5 [] coordinations are adopted with a geometry as close as possible to ideal octahedra. In two-layer TiO x reconstructions, the outermost layer does not have high enough TiO x density to support these structures. Instead, the TiO 4 coordination is adopted to create a continuous self-supported network, similar to the (110) surface.
(d). It is composed of TiO
Pauling's third and fourth rules apply here in much the same way as for the (100) and (110) surfaces. The only units to ever share polyhedra faces are TiO 6 and TiO 5 [], which occasionally share a face with the bulk-like layers below. However, placing these into natural Ti sites reduces the occurrence of this higher-energy configuration. Also, while TiO 6 and TiO 5 [] units often share edges, TiO 4 units almost never do, as expected with their low coordination and high valence. The positions at which each of these types of units occur minimize unfavorable sharing of polygon elements.
A unique feature of the (111) 
From reconstructed surface to thin film
The TiO 2 -rich surfaces of SrTiO 3 discussed above provide a robust example for how Pauling's rules apply to perovskite oxides. As we will show, with increasing coverage the same rules apply, and provide the connection to thin film growth.
All reported TiO 2 nanostructures on SrTiO 3 have similar structural features and adopt periodic arrangements similar to the SrTiO 3 surfaces they are grown on, showing that Pauling's rules apply to heteroepitaxial film growth. The three structures that will be considered in detail are shown in Table 4 .
The c(6 Â 2) reconstruction builds off of the TiO 2 plane termination of SrTiO 3 (100). It is "thicker" than others on this surface, exhibiting two additional TiO x layers. It has the usual TiO 5 6 below are fully 6-coordinated TiO 6 octahedra. This structure is shown in Fig. 9 , where the placement of atoms in each subsequent layer is highlighted, using both the symbolic Potts model representations introduced earlier for Fig. 9 (eeh) as well as the resulting structure shown in Fig. 9 (aed) . In this Potts model, the three elements are TiO 6 , TiO 5 [], and an "empty" unit.
Building up the c(6 Â 2) is very similar to any reconstruction previously discussed. The same grid, shown in Fig. 9 (e) , is drawn and populated with TiO x units. These have more layers of TiO x above and adopt a fully coordinated TiO 6 geometry, shown with blue squares in Fig. 9 . Taking this layer as the new "base", another grid can be drawn following the same rules as before. The second additional layer of TiO 6 and TiO 5 [] units, green squares in Fig. 9 6 . If it is a Ti with no TiO x units above it, the TiO 5 [] coordination is adopted-this is illustrated in the layer represented by green squares in Fig. 9 (c) and (g) . Furthermore, to accommodate idealized TiO 5 [] coordinations while accounting for differences in surface height, some of the units in the layer represented by red squares in Fig. 9 (d) and (h) are shifted slightly in terms of their ideal grid-determined positions. This structure also has a few additional Sr atoms at its surface. Sr adatoms on the surface follow the same placement rules as those on SrTiO 3 (111) ; they are only present in sites allowing an octahedral coordination, agreeing with Pauling's first and fifth rules.
As with the other SrTiO 3 (100) reconstructions, this structure minimizes the number of shared edges between TiO x units. Sharing of corners is favored while sharing of faces is totally avoided, in agreement with Pauling's third and fourth rules.
TiO 2 nanowires, such as the diline and triline reported on SrTiO 3 (100), are other structures approaching the thin film regime [114, 115] . The TiO x di/trilines resemble the simpler c(4 Â 2) SrTiO 3 (100) reconstruction with the typical TiO 5 [] units [50] . Between this and the bulk-like TiO 6 is a single additional TiO x layer made up of fully-coordinated TiO 6 . This structure is illustrated in the case of the triline structure in Fig. 10 . The Potts model shown in Fig. 10 has three elements: TiO 6 , TiO 5 [], and the "empty" unit. Building the trilines (and dilines) relies on the same principles as the c(6 Â 2) and other reconstructions on the (100) surface. The grid is shown in Fig. 10 (d) , and TiO 6 units (blue squares) are placed on it in Fig. 10 (e Pauling's rules are obeyed by the triline in much the same way as for the normal SrTiO 3 (100) reconstructions and the justdiscussed c(6 Â 2). As this structure simply serves to reinforce these rules, further explanation is not necessary.
TiO 2 nanostructures are not unique to the SrTiO 3 (100) surface. Two families, (2 Â n)a and b (where n ¼ 2, 3, 4, 5, 6, ∞), observed on SrTiO 3 (110) display the same ordered transition from reconstructed surface to reconstructed thin film [116] . These nanostructures have an additional TiO x layer when compared to other reconstructions on the (110) surface. On their top surface they display TiO 6 units, rather than the TiO 4 often seen in other (110) reconstructions. Between this surface layer and the bulk below, there is a layer made up of TiO 6 octahedra. These are the same in geometry as those on other SrTiO 3 surfaces, and their placement is similar to TiO 4 in other (110) reconstructions. One of these structures, the (2 Â 4)a, is shown in Fig. 11 , where each layer of the nanostructure is illustrated by the symbolic Ising model in Fig. 11 (def) and with the actual structure in Fig. 11 (aec) . Since this structure only has two units, a TiO 6 , and an "empty" unit, it can be represented with the binary Ising model.
Building up the (2 Â 4)a is the same as other reconstructions on the SrTiO 3 (110) . The starting base is a bulk-like (SrTiO) 4þ layer. The grid drawn in Fig. 11 (d) is identical to the ones used before on this surface. It is populated with exclusively TiO 6 units in the same sites that held ED-TiO 4 in other (110) reconstructions. The difference between the ED-TiO 4 seen earlier and these TiO 6 is that these units have oxygens below and above the central Ti atom. These are located at the closest opposite diamond corners (top and bottom corners), so they can be thought of as edge-displaying TiO 6 . These are visualized as purple diamonds in Fig. 11 (e). If this layer is then used as the new base, a new grid can be drawn and more TiO 6 placed to form the final layer of the reconstruction, adhering to the same rules. This final layer is visualized as orange diamonds in Fig. 11 (f) . This structure also has Sr adatoms, which are placed at sites with the same in-plane positions as bulk Sr but at the surface. Pauling's fifth rule is exemplified in these surfaces-the only unit making up these reconstructions is TiO 6 . Additionally, its edgedisplaying geometry is the same as the bulk-like layers below, making this a particularly low-energy environment. Pauling's first rule gives insight into why the TiO 6 structure is adopted (rather than TiO 4 ) and some of the shifting seen in the TiO 6 layer is depicted in Fig. 11 (b) and (d) . This nanostructure has high TiO x density. Additionally, many TiO 6 units have another TiO x unit above them. In this case, it is possible to adopt the most stable coordination according to Pauling's first rule, i.e. octahedral TiO 6 . The deviations from the ideal placement shown by the light purple diamonds in Fig. 11 (e) serve to permit this low-energy configuration (as opposed to the higher-energy TiO 4 alternative) and preserve the coordinations as close to the ideal geometry as possible when a fully-occupied TiO x layer does not exist.
Pauling's third and fourth rules are also obeyed in the placement of TiO 6 on this surface. No faces are shared in any TiO 6 units. Edge sharing is also minimized by the arrangement of these units.
As with the other thin film structures discussed, Sr adatoms decorate the surface at octahedral coordinated positions, in accordance with Pauling's fifth and first rules. In this case, Sr atoms occur above the deviated TiO 6 , acting as an additional mechanism for stress relief e they are octahedrally coordinated with a larger bond length than in TiO 6 .
BaTiO 3 (100)
Few other perovskite oxide surfaces have been investigated with the same attention as SrTiO 3 . However, there are surfaces whose reconstructions have been reported that deserve mention. One example of this is BaTiO 3 (100) .
The structure of BaTiO 3 is a perovskite similar to SrTiO 3 , although BaTiO 3 deviates more dramatically from the cubic structure, experiencing a great number of structural transitions with temperature. Since it has the same stoichiometry, B-site cation, and general structure, one would expect its surface reconstructions to have similar structural features to SrTiO 3 . Of the reported structures for the (2 Â 1) [85] , (3 Â 1) [83] , c(2 Â 2) [87] , (√5 Â √5)R26.6 [84] , (√13 Â √13)R33.6 [86] , and c(4 Â 4) [87] , all the proposed solutions have surfaces that are B-site rich, with a similar doublelayer structure to the SrTiO 3 (100) reconstructions. The similarities between the two end there, however, as these surfaces were all prepared under reducing conditions and have not all been analyzed by multiple techniques. Since they are reduced, the condition of nBaTiO 3 mTiO 2 does not hold, allowing for structures with reduced oxygen content, or nBaTiO 3 mTiO x to occur. Proposed models for two of these structures, the c(2 Â 2) and c(4 Â 4), are shown in Fig. 12 .
From Fig. 12 one can see that Pauling's rules are still obeyed to some extent. There are, according to the fifth rule, a small number of structural units in these reconstructions, in this case TiO 6 , TiO 5 [], and TiO 3 . Bulk-like positioning of the first TiO 6 /TiO 5 [] layer also agrees with the implication from Pauling's rules that surface structures that continue bulk ordering are favorable. The coordination of the TiO 6 and TiO 5 [] units are close to ideal, as expected based on the first rule. Since these surfaces are reduced, it is reasonable to assume that the average oxidation state of Ti is also reduced. As such, the presence of TiO 3 is plausible because of the highly-reduced nature of these surfaces. Additionally, TiO 3 units only occur in situations with very low excess TiO x , consistent with the other surfaces analyzed. Coordination of TiO 3 should obey Pauling's rules as well, adopting the most ideal polyhedron geometry possible.
Pauling's third and fourth rules are obeyed; TiO x units are organized such that face sharing does not occur and edge-sharing is also minimized. The TiO 3 units also follow this rule, and they only share corners with other TiO x . This behavior is as expected from their extremely low coordination and high valence. While not enough structures have been solved to conduct the same type of analysis done on the SrTiO 3 surfaces, the available information provides clues for solving additional BaTiO 3 reconstructions.
These structures also illustrate another use of Pauling's rules e to raise questions with structures which appear to deviate from what is normal. For instance, both contain surface titanyl group with a Ti]O double bond. This is unusual, as it yields a "naked" polyhedral apex. In addition, the proposed three-fold titanium sites are not what one would expect based upon established bulk inorganic chemistry.
LaAlO 3 (110)
Moving beyond perovskites that contain titanium, the only other oxide material which has multiple reconstructions both reported and solved in a quantitative manner is LaAlO 3 (110) .
LaAlO 3 has been of interest in the oxide community since the discovery of at 2-dimensional electron gas at the LaAlO 3 /SrTiO 3 (100) interface [1] . Unlike SrTiO 3 , where the valence of the two cations is viewed as þ2/þ4 (Sr/Ti), in LaAlO 3 it is þ3/þ3 (La/Al). This leads to a polar surface for the LaAlO 3 (100) termination. The (110) termination can also be thought of as an alternate stacking of (LaAlO) 4þ and (O 2 ) 4-layers, possessing a macroscopic electrostatic dipole similar to that of SrTiO 3 (110) . The parallels to the SrTiO 3 surface do not end there-the two reconstructions reported on the LaAlO 3 (110) surface, (2 Â 1) [117] and (3 Â 1) [88] , have many similarities to the (n Â 1) reconstructions on the SrTiO 3 (110) surface [77, 78] . For LaAlO 3 , the solved reconstructions can be described as Al 2 O 3 -rich (as opposed to TiO 2 -rich), and are all neutral in terms of formal charge. Ideally, they conform to the formula nLaAlO 3 mAl 2 O 3 , although the (3 Â 1) has additional adsorbed hydrogen (i.e. eOH groups). The structures of the (2 Â 1) and (3 Â 1) are shown in Fig. 13 . The reconstructions shown in Fig. 13 are very similar to those on the SrTiO 3 (110) The formula to describe charge neutral reconstructions is different for this surface than SrTiO 3 (110) in B-site cation and oxygen content: i.e. nLaAlO 3 mAl 2 O 3 vs. nSrTiO 3 mTiO 2 . As such, it may seem surprising that these reconstructions have such features. However, the fact that the same types of structural units appear on both oxide surfaces indicates that they could be codified in a very similar manner. This further reinforces the idea that Pauling's rules provide a robust framework for oxide surfaces.
Discussion
By using the large number of reconstructions solved on the (100), (110) , and (111) orientations of SrTiO 3 and a few other materials as examples, the application of Pauling's rules to oxide surfaces has been demonstrated. Although these surfaces have disparate properties, the fundamental features and structural motifs found on them are remarkably similar. All orientations of SrTiO 3 exhibit families of related reconstructions based on a Ti-rich surface that most often consists of a bulk-like Ti-atom layer with additional TiO x polyhedra sitting on top of it, creating the various electron density features often probed via STM, SXRD, or TED. In all cases discussed, these reconstructions can be represented by tilings of only a few different structural units in an Ising or Potts model, with polyhedra of TiO 6 , TiO 5 [89] , PbTiO 3 [90] , and likely other perovskite surfaces. However, none of these data sets contain a number of structures large enough to draw conclusions regarding their structural units.
To our knowledge all oxide surfaces (and others if we include organics or elemental semiconductors) where there is definitive data follow Pauling's rules; with simpler surfaces such as the hydroxylated rock-salt (111) surfaces the polyhedra are quite simple and are just Ising model structures, whereas TiO 2 surfaces are universally based around TiO 4 tetrahedra, or TiO 5 [] and TiO 6 octahedra. Unfortunately it is still too common (in our opinion) for theoretical or experimental surface structures to be published with inadequate disclosure of atomic positions, which makes a detailed analysis problematic. In addition, in some cases very thin surface slabs are used, and/or some of the atomic positions are fixed. As pointed out some time ago the BVS sums converge relatively slowly with slab thickness so this can lead to artifacts [100] .
While it is not impossible that there are rare cases where Pauling's rules are not obeyed, based upon our analysis of the available literature we know of none where they are violated. The concepts of electrostatic repulsion and its balance with electronegativity as well as the influence of bonding orbitals are universal and effectively at the heart of the BVS model as well as Pauling's rules in general, giving them broad applicability. This has been demonstrated beyond reasonable doubt for bulk materials; surfaces are really not that different.
With a set of rules established based on Pauling's rules, the task of generating plausible solutions for additional reconstructions on this material is significantly simplified. It is even possible to generate hypothetical structural solutions for surface reconstructions where little data is present or of arbitrary unit cell dimensions. To do this, the Ising or Potts models serve as a starting point for generating reconstructions on the various surfaces. In this way, Pauling's rules can be combined with simple algorithms to generate every possible solution for a given unit cell size. This has been demonstrated for the SrTiO 3 (100) surface with the prediction of new, low energy surface structures [132] . While some surfaces of SrTiO 3 are more complex than others, and the number of possible reconstructions quickly becomes very large as the unit cell size increases, this strategy could still be employed in cases where little information is available regarding a given structure. The combination of these rules with algorithms designed to generate permutations of possible structures offers a truly predictive capability for oxide surfaces. Even in cases of large unit cells, Pauling's rules can be used to generate realistic hypothetical structures or evaluate the likelihood of a given proposed structure. Unfortunately these rules do not provide any guidance regarding the ratio of cations present (i.e. the n and m values in nSrTiO 3 mTiO 2 ), so it is atpresent necessary to generate all possible solutions for a given unit cell size unless additional experimental information is available. When combined with additional data including symmetry and relative surface composition from STM, SXRD, TED, or other methods, this can significantly reduce the number of candidate structures to evaluate using ab initio methods like DFT. Along with the simple BVS calculation method, these rules provide an alternative initial evaluation method with essentially negligible computational cost. This results in an overall reduction in computation time and expense as fewer structures need to be considered and reconstructions with otherwise prohibitively large unit cells can be treated in a systematic manner.
Once a set of hypothetical structures are generated using an appropriate algorithm, these structures can be initially compared using BVS model calculations to eliminate structures that deviate greatly from the expected BVS or compare unfavorably to other structures with the same unit cell size [100] . This can serve as a quick screening method before moving on to more-expensive calculations. The remaining hypotheses serve as starting points for DFT relaxations. Relaxation of the structures can then be performed to compare the surface energies of different structures and determine which is lowest in energy or matches most closely with available experimental data. When a structure generated through the application of Pauling's rules is relaxed the atoms will shift some from their original positions. Whether a given TiO x polyhedra is better-described in the end as TiO 4 with long bonds to other oxygen atoms, TiO 5 [] or TiO 6 is relevant, but not critical since the overall number of atoms is constant.
Two additional oxide surfaces, BaTiO 3 (100) and LaAlO 3 (110) are also shown to conform to Pauling's rules, although the bonding in the proposed BaTiO 3 structures is surprising. This shows that Pauling's rules are applicable to oxide perovskites of different cations and oxidations states. The cases of reduced and hydrated surfaces were briefly mentioned in these datasets and the majority of the solved reconstructions on SrTiO 3 surfaces are air-stable at room temperature (not only under vacuum). As these cases resulted in only small deviations from the expectations laid out by Pauling's rules, they do not present a significant deviation from this framework. This implies that any surface that is not currently undergoing a chemical reaction where its stoichiometry changes can be analyzed with these methods. When using this approach to analyze an oxide surface where little is known, either oxides of similar bulk structure or atomic species can be used as a starting point-the polyhedral units of the cation-anion building blocks can be inferred from bulk inorganic chemistry. The paucity of data regarding solved reconstructions for other perovskite oxide surfaces is a perfect test bed that we will leave to the future.
The analysis presented here focused mainly on reconstructions at surfaces, however there is evidence in some cases that a disordered surface, or one where only local-range order is maintained is the lowest-energy solution. This was reported as the case on the SrTiO 3 (111) surface where a number of very small unit cell reconstructions had similar surface energy leading to the presence of a 2-D network glass structure having features of local ordering but globally representing a mixture of more than one surface [11, 20, 101] . It has also been reported on the CeO 2 (100) surface where it was argued that disorder can provide a mechanism for surface stabilization [133] . In these cases the predictive power of Pauling's rules becomes limited from an algorithmic standpoint as cases with no specific unit cell size or very little symmetry are inherently more difficult to calculate. These are not cases where Pauling's rules break down, as the fundamental cation-anion polyhedral units are still the same types of building blocks present in any reconstruction. While there may be no long-range order, local arrangements can still be assessed and compared to each other using these rules or generated according to them. Essentially, Pauling's rules still provide insight into what the local arrangement of atoms is most likely to be even in surfaces with little order.
The reconstructions presented here are thermodynamically stable structures, introducing the question of whether surfaces formed under conditions where kinetics dominate (i.e. film growth) also adhere to Pauling's rules. The available evidence says, yes; however, there have not been enough studies where both the substrate surface and resultant film surface structure are considered. Those studies which the authors are currently aware involve deposition methods including molecular beam epitaxy, reactive (or hybrid) molecular beam epitaxy, and pulsed laser deposition. These have found reconstructions to be a persistent feature in homoepitaxial SrTiO 3 growth for multiple orientations. This is evidenced by the presence of the same types of reconstructions in thin films as on the "bare" surfaces. Persistence of the (√13 Â √13)R33.7 (RT13) reconstruction on a SrTiO 3 (100) substrate was observed via STM after the initial stages of PLD thin film growth. In this case, the reconstruction migrated to the surface [134] . Sub-monolayer LaAlO 3 (100) growth on SrTiO 3 (100) was conducted where the substrate's RT13 reconstruction was observed to migrate, forming a thin TiO 2 layer at the surface [135] . A study of homoepitaxial growth on SrTiO 3 (100) considered surfaces with a (2 Â 2) or the c(6 Â 2) reconstruction and found that films grown on these surfaces had different morphologies [136] . Growth of La 0.7 Ca 0.3 MnO 3 on SrTiO 3 (100) RT13 surfaces indicated that the initial excess Ti on the surface led to films displaying a surface structure of the same periodicity even up to a thickness of 50 unit cells [137] . During the process of growth, subtle variation of Sr:Ti cation ratio produces different, previously-observed, reconstructions in films grown by hybrid molecular beam epitaxy on SrTiO 3 (100) and (110) [19, 78] . The appearance of reconstructions, and the A:B cation ratio they imply, is reliable and repeatable enough that they have even been successfully used for in situ feedback to control SrTiO 3 film stoichiometry during deposition [116] . This indicates that changing the number of fundamental TiO x units (by varying the A:B stoichiometry) causes a surface to re-organize itself to obey Pauling's rules.
In summary, all the available evidence points towards Pauling's rules being applicable to perovskite surfaces, where there is currently a large enough database of well-solved structures. We see no reason why the rules should be limited to perovskites, and they should be generally applicable to other oxides. Indeed, there is no reason to limit their use to oxides, and in fact they have been implicitly used for silicon and related IIIeIV materials where similar ideas are common. These are Pauling's rules and just different types of coordination chemistry.
Surface structures that disobey Pauling's rules must be treated with caution. They might be rare exceptions, or just incorrect interpretations; this we leave to the future.
